O2 reduction by photosystem I involves phylloquinone under steady-state illumination  by Kozuleva, Marina A. et al.
FEBS Letters 588 (2014) 4364–4368journal homepage: www.FEBSLetters .orgO2 reduction by photosystem I involves phylloquinone under
steady-state illuminationhttp://dx.doi.org/10.1016/j.febslet.2014.10.003
0014-5793/ 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
Abbreviations: DMF, dimethylformamide; ET, electron transfer; ETC, electron
transfer chain; Fd, ferredoxin; MV, methyl viologen; PS I, photosystem I; PhQ and
PhQ, phylloquinone and phyllosemiquinone; PQ and PQ, plastoquinone and
plastosemiquinone; ROS, reactive oxygen species; TMPD, N,N,N0 ,N0-tetramethyl-p-
phenylenediamine; TMT-H, 1-hydroxy-4-isobutyramido-2,2,6,6-tetramethylpipe-
ridinium; VET, V
O2
ET and VET
MV, rates of electron transfer as such and to O2 and MV,
respectively; WT, wild type
⇑ Corresponding author at: Institute of Basic Biological Problems, Russian
Academy of Sciences, Pushchino, Moscow region 142290, Russia. Fax: +7 4967
330532.
E-mail address: kozuleva@gmail.com (M.A. Kozuleva).Marina A. Kozuleva a,⇑, Anastasia A. Petrova b, Mahir D. Mamedov a,b, Alexey Yu. Semenov b,
Boris N. Ivanov a
a Institute of Basic Biological Problems, Russian Academy of Sciences, Pushchino, Russia
bA.N. Belozersky Institute of Physical-Chemical Biology, Lomonosov Moscow State University, Moscow, Russia
a r t i c l e i n f o a b s t r a c tArticle history:
Received 8 July 2014
Revised 13 September 2014
Accepted 1 October 2014
Available online 13 October 2014
Edited by Richard Cogdell
Keywords:
Photosynthesis
Electron transfer
Photosystem I
Oxygen reduction
Phylloquinone
PlastoquinoneO2 reduction was investigated in photosystem I (PS I) complexes isolated from cyanobacteria Syn-
echocystis sp. PCC 6803 wild type (WT) and menB mutant strain, which is unable to synthesize phyl-
loquinone and contains plastoquinone at the quinone-binding site A1. PS I complexes from WT and
menBmutant exhibited different dependencies of O2 reduction on light intensity, namely, the values
of O2 reduction rate in WT did not reach saturation at high intensities, in contrast to the values in
menB mutant. The obtained results suggest the immediate phylloquinone involvement in the light-
induced O2 reduction by PS I.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Molecular oxygen, O2, is involved in numerous biochemical
reactions in aerobic cells. In photosynthetic organisms, O2 can
interact with the photosynthetic apparatus, decreasing the quan-
tum yield of CO2 ﬁxation. Moreover, as a result of such reactions,
reactive oxygen species (ROS) are produced. During evolution,
the photosynthetic apparatus has been optimized to minimize
reactions with O2 [1,2], although they still occur and may have a
positive impact on cellular metabolism [3]. One such reaction,
the so-called Mehler reaction, represents O2 reduction by compo-
nents of the photosynthetic electron transfer chain (ETC) underillumination [4]. Electron ﬂow to O2 was shown to occur along with
electron transfer (ET) to NADP+ [5,6]. Under conditions of limited
NADPH utilization and excessive light, the Mehler reaction pre-
vents over-reduction of the ETC and photoinhibition [7,8]. More-
over, a stable product of the Mehler reaction, H2O2, might be a
signal messenger indicating ETC functional state [9,10].
The exact components of the ETC involved in O2 reduction
in vivo have not been yet clearly identiﬁed. Ferredoxin (Fd), an
acceptor of electrons from Photosystem I (PS I), used to be consid-
ered as the main O2 reducing agent [11], although this assumption
was challenged [12,13]. Recently, it was shown that reduced Fd
was only capable of low rates of O2 reduction in the presence of
NADP+ and its contribution to the total O2 reduction was 5–10%
[14]. This implies that thylakoid membrane-bound components
play an essential role in O2 reduction. Redox-cofactors of PS I are
believed to be signiﬁcant O2 reducing agents [3,15]. The ETC of
PS I consists of the primary electron donor (P700), the primary
(A0), and secondary (A1, FX, FA, and FB) electron acceptors
(Fig. 1A). Under single-ﬂash illumination, the terminal electron
cofactors of PS I, the [4Fe–4S] clusters (FA/FB), are oxidized by
O2 in the absence of Fd [16]. This reaction results in production
of the superoxide anion-radical (O2) outside the thylakoid
membrane. Using the EPR-detector 1-hydroxy-4-isobutyramido-
Fig. 1. (A) Arrangement of electron transfer cofactors in PS I. (B) Diagram of forward electron transfer in cyanobacterial PS I with lifetimes and Em values of the cofactors. Em
values of (O2/O2) in water and dimethylformamide (DMF) are also shown.
M.A. Kozuleva et al. / FEBS Letters 588 (2014) 4364–4368 43652,2,6,6-tetramethylpiperidinium (TMT-H), O2 was directly shown
to be produced within as well as outside the membrane under
steady-state illumination of isolated thylakoids [17,18]. This
allowed assuming that at least two cofactors reduce O2 simulta-
neously. This assumption is supported by the study of apparent
Km of spinach PS I for O2 that revealed the existence of at least
two sites of O2 reduction [19]. In the lipid bilayer of the membrane,
the midpoint redox-potential (Em) of (O2/O2) is close to that in
dimethylformamide (500  600 mV vs. NHE) [20]. Phylloqui-
nones (PhQ), which occupy the quinone-binding sites of PS I
(A1-sites), and the [4Fe–4S] cluster FX are characterized by rather
negative Em values and are capable of O2 reduction within the
membrane (Fig. 1B). PhQ [21,22] and FX [23] were proposed to
be O2 reducing cofactors, however there is no direct evidence
proving their involvement in O2 reduction.
In order to investigate the possible role of phyllosemiquinone
(PhQ) at the A1-site in O2 reduction, we used PS I isolated from
the wild type (WT) and PhQ-lacking mutant strain of Synechocystis
sp. PCC 6803 with the gene encoding 1,4-hydroxynaphthoyl-CoA-
synthase (MenB) knocked out [24,25]. In mutant, plastoquinone
(PQ) occupies the A1-sites, with Em (PQ/PQ) 100 mV more posi-
tive than Em (PhQ/PhQ) in PS I from WT [26]. In this study, it was
found that PS I complexes from theWT andmenBmutant exhibited
different dependencies in O2 reduction on light intensity, and this
was interpreted as evidence for direct PhQ involvement in O2
reduction.
2. Methods
Cells of Synechocystis sp. PCC 6803 wild type and mutant strains
were grown in BG-11 medium at 30 C under white ﬂuorescent
illumination. PS I complexes were isolated as described in [27].
Reaction medium contained 50 mM HEPES–KOH (pH 7.6), 20 mM
NaCl, 5 mM MgCl2, 0.03% b-dodecyl-n-maltoside; N,N,N0,N0-tetra-
methyl-p-phenylenediamine (TMPD) and sodium ascorbate were
added as artiﬁcial electron donors to photooxidized P700+ . Redox
state of P700 was determined by difference in absorption at
810–860 nm with PAM101 equipped with EDP700DW module.A suspension of PS I was placed in a standard chamber (WALZ,
Germany) and illuminated by the white light of an incandescent
lamp (KL-1500) for 30 s. Light intensity was varied by altering volt-
age. Light-induced steady-state rate of O2 reduction was measured
as O2 uptake with Clark type O2-electrode under stirring at 22 C.
Suspension of PS I was placed in a custom-build thermostatic
chamber and illuminated by LED with maximum emission at
660 nm for 1 min. Intensity of the LED was varied by neutral ﬁlters
or altering electric current. The steady-state rates of ET from PS I to
O2 were proportional to the rates of O2 uptake because a single PS I
turnover resulted in generation of O2. In the presence of methyl
viologen (MV), a single PS I turnover also resulted in O2 generation
via the radical form of MV with the rate constant equal to 8  108
M1 s1 [28]. Superoxide radicals further produce H2O2 in the reac-
tion with ascorbate, present in the suspension at high (5–10 mM)
concentration, thereby suppressing spontaneous dismutation of
O2. The resulting stoichiometry was 1 electron per 1 O2 molecule
consumed [29], and, in our experiments, it was conﬁrmed by addi-
tion of superoxide dismutase and catalase. Thus, light-induced O2
uptake was used as readout of O2 reduction in the absence and
presence of MV. Light intensity as photon ﬂux density lE m2 s1
was determined using a LI-COR model LI-250 quantum meter
(Licor, Nebraska, USA).
TMPD-2HCl, sodium ascorbate, MV, b-dodecyl-n-maltoside
were purchased from Sigma and AppliChem.
3. Results
Steady-state illumination of isolated PS I complexes resulted in
O2 reduction (Fig. 2). In order to accurately study the mechanism of
O2 reduction by PS I under steady-state illumination, this reaction
must be the overall ET limiting step. In contrast to O2, MV is a very
efﬁcient acceptor of electrons from the terminal cofactors of PS I,
with the rate constant of reduction equal to 107 M1 s1 [30]. In
the presence of MV, the rate of ET (VET) is equal to the rate of
MV reduction (VETMV), and this rate is limited by electron donation
to P700+ [31]. The comparison of the rate of ET to O2 (V
O2
ET ) and VET
MV
is a useful approach to reveal the rate-limiting step. The addition
Fig. 2. Effect of TMPD concentration on rates of electron transfer (VET) in the
absence and in the presence of methyl viologen (MV). PS IWT, 2 lg Chl ml1, 10 mM
ascorbate, 100 lM MV, if present. Light intensity, 650 lE m2 s1.
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light-induced steady-state level of P700+ (DP700+ ; Fig. 3). Values of
VET
MV were directly proportional to TMPD concentration (Fig. 2), in
contrast to VO2ET which was not affected by an increase in TMPD con-
centration from 50 lM to 1.0 mM. These results indicated that, in
the absence of MV, O2 reduction was indeed the rate-limiting step,
and that TMPD can be used for the study of light-induced steady-
state ET from isolated PS I to O2 measured as O2 consumption.
In PS I isolated from WT (PS IWT), an increase in light intensity
led to a rise of both DP700+ (Fig. 3) and V
O2
ET (Fig. 4A). The values of
these parameters did not reach saturation over the range of light
intensities tested. The stimulation of VET by MV was observed at
all light intensities (Fig. 4A). With increasing light intensity, the
stimulation diminished, therefore the ratio of VETMV to V
O2
ET (R
MV), sig-
niﬁcantly decreased (Fig. 4C).
The VO2ET values in PS I
WT and PS I isolated from themenBmutant
(PS ImenB) were similar at low and moderate light intensities
(Fig. 4A vs. B). With increasing light intensity, values of VO2ET in
PS ImenB increased up to the steady-state level at light intensities
above 650 lE m2 s1 (Fig. 4B). It was previously shown that
strong light treatment of PS ImenB caused the irreversible blockage
of ET from A1 to FX due to double PQ reduction [32]. In our exper-
iments, pre-illumination of the suspension of either PS IWT orFig. 3. Effect of light intensity on light-induced steady-state level of P700+ (DP700+ ).
PS IWT, 5 lg Chl ml1, 10 mM ascorbate, 1 mM TMPD, 100 lMMV, if present. Insert:
typical kinetics of light-induced P700 redox-changes.
Fig. 4. Effect of light intensity on steady-state rates of O2 uptake in the absence and
in the presence of methyl viologen (MV) in suspension of either PS IWT (A) or
PS ImenB (B). The results were reproduced with 3 independent PS IWT and PS ImenB
preparations. (C) Effect of light intensity on RMV; the mean values of 5 individual
experiments are presented. PS I, 2 lg Chl ml1, 5 mM ascorbate, 250 lM TMPD,
100 lM MV, if present.PS ImenB by high light for 1 min in the absence of MV did not affect
the VETMV measured after addition of MV to the suspension (data not
shown). This indicated that the total ET to FA/FB was not irrevers-
ibly blocked in either PS ImenB or PS IWT in the absence of MV.
Similarly to PS IWT, an addition of MV to the suspension of
PS ImenB led to an increase in VET. The effect of MV showed that,
in the absence of MV, the total rate of ET in PS ImenB was also lim-
ited at the level of O2 reduction by cofactors of PS I. VETMV values in
both PS IWT and PS ImenB were directly proportional to light
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of complexes. This might indicate that steady-state ET to an
efﬁcient acceptor like MV was slightly affected by replacement of
PhQ by PQ under saturating conditions.
RMV in PS ImenB decreased to a certain low level at high light
intensities in contrast to PS IWT (Fig. 4C). This clearly reveals a dif-
ference in the peculiarities of O2 reduction by PS I from WT vs.
menB mutant.4. Discussion
The results presented here are in line with previous data [17–
19,21] and provide evidence of an operation of at least two path-
ways of O2 reduction by isolated PS I. Obviously, under steady-
state illumination of isolated PS I in the absence of Fd or MV, the
terminal cofactors (FA/FB) are oxidized by O2. One may expect that
additional O2 reduction by PS I can be signiﬁcant under conditions
of limited oxidation of (FA/FB) by an inefﬁcient electron acceptor
such as O2. O2 reduction at the A1-site is the most plausible expla-
nation for O2 production within the thylakoid membrane [17].
Increasing light intensity was shown to accelerate O2 production
within the membrane rather than in water bulk phase [18]. This
is in line with the higher involvement of PhQ in O2 reduction
under high light conditions (Fig. 4).
The dependence of VO2ET in PS I
menB on light intensity exhibited a
saturation behavior at high light intensities (Fig. 4B), in contrast to
proportional increase in VO2ET values in PS I
WT. What could be a
cause of this saturation? Besides a possible irreversible blockage
of ET from A1 to FX in PS ImenB, which was excluded by the compar-
ison of VETMV measured before and after illumination of the com-
plexes in the absence of MV (see Section 3), the saturation in
PS ImenB could be explained as a result of either decrease of the rate
of O2 reduction by (FA/FB) due to retardation of ET from PQ to
the [4Fe–4S] clusters in high light, or saturation of all pathways
of O2 reduction in PS ImenB.
The addition of MV demonstrated that the overall rates in both
types of complexes were limited by ET to O2. It means that neither
electron donation to P700+ nor ET between cofactors of PS I are rate-
limiting steps of the total ET in PS ImenB as well as in PS IWT. Since
PhQ substitution by PQ does not affect characteristics of ET from
FX to FA/FB, the rates of (FA/FB) oxidation by O2 could be different
in PS IWT and PS ImenB only because of different rates of ET to FA/FB.
At a ﬁrst approximation, VETMV reﬂects the rate of FA/FB reduction in
PS I under given conditions. The stimulation of VET by MV and the
similar values of VETMV in PS IWT and PS ImenB at high light intensities
imply that, in the absence of MV, ET from P700 to the [4Fe–4S] clus-
ters in PS ImenB is not retarded in comparison with such ET in
PS IWT. In order to take into account a contribution of O2 reduction
by (FA/FB) to the total O2 reduction, a relationship between VETMV
and VO2ET (the R
MV value) was calculated. The shapes of the depen-
dencies of RMV on light intensity were different in PS IWT and
PS ImenB (Fig. 4C). It indicates that there is a difference in character-
istics of O2 reduction by PS I fromWT vs. menBmutant. The results
imply that both PhQ and PQ at the A1-site serve as O2 reducing
agents but with different ability.
The steady-state rate of O2 reduction by semiquinone at the A1-
site depends both on the rate constant of the reaction and the
quasi-steady-state concentration of semiquinone in PS I. Under
continuous illumination, the steady-state level of PhQ was mea-
sured in isolated spinach thylakoids and cyanobacteria cells [33].
The single ﬂash-induced ET from semiquinone to FX in the PS I
from menB mutant is 1000 times slower than in the WT because
the Em value (PQ/PQ) at the A1-site is 100 mV more positive
than that of (PhQ/PhQ) [26]. The difference in Em can also lead
to a signiﬁcant difference in rates of O2 reduction by PhQ andPQ. Since O2 reduction by PhQ is more thermodynamically
favorable than O2 reduction by PQ, then the rate constant for
PhQ is much higher than for PQ. Owing to the lower rate of PQ
oxidation by both FX and O2, the quasi-steady-state concentration
of PQ, providing saturation of its oxidation by O2, should be
reached at lower light intensities than that of PhQ. This is in line
with the saturation behavior of VO2ET in PS I
menB in contrast to the
rise of VO2ET in PS I
WT (Fig. 4A vs. 4B).
Thus, Em of the quinone/semiquinone pair at the A1-site can be
the determining factor of the semiquinone reaction with O2. ET
cofactors from P700 to FX are located along pseudo-C2 symmetry
axis forming A- and B-branches. Both branches are capable of
transferring electrons [34], although with non-equal contributions,
at least in PS I from cyanobacteria [35,36]. The speculations about
possible advantages of maintaining a minor ET activity of the B-
branch ascribe certain safety roles to the B-branch [1,37]. One of
the most essential distinctions between the two branches is the
kinetics of ET from A1 to FX due to the difference in Em values of
(PhQ/PhQ) in A1A- and A1B-sites, 671 and844 mV, respectively
[38]. These Em values provide quite high DG0 for the reaction with
O2 within the protein, with O2 reduction by PhQ at the A1B-site
being more thermodynamically favorable than that of PhQ at
the A1A-site. Under steady-state illumination in the presence of
efﬁcient electron donor to P700+ and restricted outﬂow of electrons
from PS I, charge separation could occur sequentially in both
branches of PsaA/PsaB heterodimer, resulting in the production
of two PhQ per one FX. It is possible that under these conditions,
the higher DG0 for O2 reduction by PhQ in the B-branch provides
the preferential O2 reduction via the B-branch, while the ET to FX
and further to FA/FB occurs predominantly through the A-branch.
In this case, PhQ oxidation by O2 could support the overall ET pre-
venting charge recombination that could lead to triplet P⁄700 forma-
tion and hence possible singlet O2 (1O2) production [1].
It is interesting that mutants of cyanobacteria with blocked
biosynthesis of PhQ were shown to lose the ability to photoauto-
trophic growth in high light and reveal a 40% reduction of growth
in low light [24,39]. Negative effect of PhQ deﬁciency on growth
and light sensitivity were detected for other organisms, namely
menD1 mutant of the green algae Chlamydomonas reinhardtii with
PQ at the A1-site [40] and AtmenG mutant of Arabidopsis thaliana
with demethylphylloquinone at the A1-site [41]. However, the
activity of PS I from the mutants under steady-state illumination
measured in the presence of efﬁcient electron donors to P700 and
efﬁcient electron acceptors (MV or ﬂavodoxin) differed only
slightly from the WT [24,40,41]. It seems unlikely that the sensi-
tivity of these mutants to high light is caused by slowing down
ET from A1 to FX. Perhaps, some mechanisms of protection
against photoinhibition are suppressed in these mutants. The
Mehler reaction is considered to be an essential mechanism for
protecting the photosynthetic apparatus against photoinhibition
in high light [15]. Our results indicate that one of the mecha-
nisms impaired in menB mutant can be O2 reduction by semiqui-
none at the A1-site.
Fe–S proteins are considered as inefﬁcient O2 reducing agents
[21]. The rate constant of the reaction of O2 with reduced Fd was
103 M1 s1 [13,22,42], while O2 reduction by semiquinones
possessing Em (Q/Q) close to Em (Fd/Fd) was approximately
109 M1 s1 [20]. In vivo, high rates of (FA/FB) oxidation by O2
are undesirable for photosynthetic organisms because efﬁcient
ﬂow of electrons from (FA/FB) to O2 would prevent Fd reduction
[2]. It was proposed that uphill ET from FA to FB in PS I was evolu-
tionary adaptation to minimize O2 reduction by FB in the absence
of oxidized Fd [43]. In isolated PS I complexes in the absence of
electron acceptors such as Fd or MV, the reaction of (FA/FB) with
O2 is unavoidable under continuous illumination. Thus, essential
(FA/FB) oxidation by O2 can be a result of the absence of Fd. In this
4368 M.A. Kozuleva et al. / FEBS Letters 588 (2014) 4364–4368study, PhQ involvement in O2 reduction under continuous illumi-
nation of PS I complexes has been shown to occur along with ET
to [4Fe–4S] clusters. Thus, the reaction of O2 with PhQ can be
the major mechanism of O2 reduction by PS I in vivo. Since PS I is
considered as the main site of the Mehler reaction, the results pre-
sented in this study support the idea that O2 reduction by PhQ
makes an essential contribution to the Mehler reaction in vivo.
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